A depth-resolved near-infrared imaging system has been demonstrated for recording three-dimensional images of objects embedded in diffuse media. Time-gated holographic imaging employing rhodium-doped barium titanate as the recording medium is used to acquire whole depth-resolved two-dimensional images in 1 s. Millimeter depth resolution has been achieved with a transverse resolution of ϳ 30 mm.
Optical imaging of biological tissue offers some advantages over other imaging technologies because optical radiation is nonionizing and spectral resolution may provide functional information. Much current work has been concentrated in the near-infrared (NIR) region near 800 nm where the absorption of light is at a minimum and spectrally resolved images could permit analysis of the spatial distribution of important blood analytes (e.g., hemoglobin and oxyhemoglobin). Unfortunately, NIR radiation is highly scattered by biological tissue, and image information is usually swamped by the scattered, or diffuse, background noise. Hee et al. 1 have estimated that, for safe power levels of tissue irradiation, the unscattered ballistic light signal will be reduced to the shot-noise detection limit after propagating ϳ36 scattering mean free paths through tissue. For typical biological tissue this limits imaging with ballistic light to depths of only a few millimeters. Optical imaging through greater tissue thicknesses is possible but requires the use of photons that have undergone at least a degree of scattering, compromising the achievable resolution. For many applications, particularly those associated with screening for malignant tissue, submillimeter resolution is required. Imaging with ballistic light may find clinical applications for small tissue depths, including noninvasive imaging of arteries near the skin with quantitative assessment of analytes and f luid f low and the detection of specific skin-tissue types, e.g., noninvasive screening for early detection of skin cancer. The ability to distinguish between benign and malignant tissue would be greatly enhanced if spectrally resolved three-dimensional image data could contribute to their signatures. For any clinical technology, a short image acquisition time is vital, and this is an issue that we have specifically addressed.
Three-dimensional (3-D) imaging through turbid media with 0.5-1.0-cm depth resolution by the use of synchronously pumped Raman amplif iers to achieve time gating of an image-bearing signal was recently reported. 2 This technique is attractive because it can acquire a whole image plane in a single shot. We describe here imaging with 2-mm depth resolution by a technique that acquires a whole two-dimensional (2-D) image plane with NIR radiation in ϳ1 s. The system can potentially provide real-time depthresolved imaging with submillimeter depth resolution and may be scaled to a compact, portable instrument by the use of low-power all-solid-state diode-pumped lasers, for example. 3 Our approach, based on time-off light-holography (see, e.g., Refs. 4-6), uses ballistic light to record depth-resolved holograms 4, 5 in a rhodium-doped barium titanate photorefractive crystal. Such crystals have been demonstrated to exhibit reasonable photorefractive diffraction efficiency in the NIR up to 1 mm.
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In general, a weak ballistic light signal may be used to form diffraction-limited images through turbid media, provided that the detection system can discriminate against the background scattered light. This discrimination can be achieved by coherence gating (because the scattered light will be, at best, partially coherent 1 ) or by incoherent time gating (because scattered photons take longer paths through tissue than ballistic photons and hence arrive later at the detector 8, 9 ). The approach reported here may be considered coherence gating of 2-D images in which the short-coherence-length signals are derived from mode-locked pulse trains. Coherent hetrodyne detection and spatial filtering techniques were previously demonstrated for imaging through turbid media, 1, 8, 10 but long acquisition times are generally required for recording of 2-D images, pixel by pixel, e.g., by scanning transmitter and receiver optical fibers. Low-coherence imaging has been achieved without scanning 11 but with limited lateral and spatial extent. Optical Kerr gating by high-power ultrashort pulses has achieved 2-D image acquisition without scanning. we have recorded 2-D images of a U.S. Air Force test chart, obscured by a weak scattering medium, achieving a spatial resolution of ϳ30 mm. The image acquisition time was ϳ1 s. For this experiment a cw Ti:Al 2 O 3 laser provided a beam at 760 nm, which was directed through a Mach -Zehnder interferometer. The beam in the sample arm passed through a polarizing beam splitter (PBS) and a quarter-wave plate (QWP) and through the scattering cell, after which it was ref lected off the test chart. This backref lected signal again passed through the scattering cell and the QWP and, after ref lection at the PBS, was collected by a 4-F imaging system in which a rhodium-doped barium titanate photorefractive crystal (grown at Hughes Research Laboratory) was situated (approximately 30 mm from the common focus toward lens L 2 ). The average power incident upon the test chart was 500 mW over a 4 mm 3 4 mm area. The 1-mm-thick scattering cell contained a 0.3% water solution of 0.46-mm polystyrene spheres (approximately eight scattering mean-free paths in the double pass). The reference and sample beams, which were both horizontally polarized (in the plane of the c axis) were incident at the photorefractive crystal with an external angle of ϳ70 ± between them. Because the hologram was written only with the coherent signal in the sample beam, the reconstructed object beam (obtained by blocking the sample beam and using the reference beam as a readout beam) conveyed a 2-D image with no contribution from the light scattered in the cell. This image was recorded on a lowcost (Pulnix PE 530) CCD camera. Figure (a) shows an image of the test chart viewed directly by the CCD camera through the scattering cell for which the group 3 bars (#0.1 mm) are almost obscured. Figure 2(b) shows the image obtained with the cw holographic reconstruction for which the group 4, element 1 bars (30-mm linewidth) are resolvable. Scattering of the light inside the photorefractive crystal causes most of the noise observed on the second image.
Cw holography clearly enhances the images of objects embedded in turbid media. Because the strongest spatial filter in the system was the numerical aperture of the photorefractive crystal (ϳ 5 mm 3 ϳ 4 mm), it was possible to maintain excellent image resolution. The sensitivity of this technique is currently limited by the diffraction eff iciency of the photorefractive crystal and noise arising both from scattering in the crystal and from parasitic beam-fanning gratings. Once these issues are addressed, further advantage may be gained by use of a cooled CCD camera. This imaging system may be extended to depth-resolved imaging by the use of short-coherence-length light to write the holograms. By adjusting the length of the reference arm, one can record holograms using only sample light that arrives at the photorefractive crystal with a set time delay. As the arrival time of the ballistic light will depend on the depth from which the ballistic photons have been ref lected in the object, depth-resolved 2-D holographic images can be written. This technique, previously described by Abramson 4 as ''light-in-f light'' holography, and demonstrated by the use of photographic emulsion, is implemented in our experiments with a mode-locked Ti:sapphire laser to write the holograms in the photorefractive crystal. A similar technique, which uses a spectralhole-burning medium based on protoporphyrin-doped polystyrene at 2 K, has been used for depth-resolved holography. 5 Geometric considerations (discussed below), together with the sensitivity requirement of a suff iciently large diffraction grating volume, imply an optimum coherence length corresponding to ϳ1-ps duration from the NIR laser. Using trains of 3-ps pulses at 760 nm for both the reference and the sample beams, we obtained the images shown in Fig. 3 . The power incident at the scattering cell (300 mW for 2 s over 6 mm 3 6 mm) was less than the ANSI safety limit for living tissue. Figure 3(a) is a directly viewed image of our 3-D test object, which comprised a series of concentric cylinders differentiated in depth by 2 mm, with diameters ranging from 2 to 6 mm in 1-mm steps. Figure 3(b) is an image of this object viewed end-on through eight mean-free paths of a water solution of polystyrene spheres (0.46-mm diameter, 0.3% solution). The time-gated images, Figs. 3(c) -3(f) , show the CCD camera images recorded for different reference pulse delay times and corresponding depths of the object. The depth resolution is approximately 2 mm.
We read out the holograms, with an image acquisition time of ϳ1 s, by blocking the sample beam and using the reference beam to reconstruct the coherent signal, collecting it with a lens and CCD array. For real-time viewing of the depth-resolved image planes it is possible to read out the holograms with a third laser beam. We used a third beam at the same wavelength as the writing beams to read out the holograms. Unfortunately, the slow write-erase-write cycle of this photorefractive crystal at 760 nm limited the update time of the images to ϳ8 s. This time may be improved with other photorefractive media.
The minimum pulse duration (coherence length), and therefore depth resolution, was limited by walk-off between noncollinear reference and sample beam pulses in the crystal. For efficient index grating formation in rhodium-doped barium titanate the grating spacing must be of the order of 1 mm, which requires an external angular separation of at least 60 ± between the two writing beams. For these nonparallel beams the grating volume is reduced for pulses whose coherence length is much less than the beam diameter, thus reducing the diffraction efficiency. Furthermore, the angular separation of the beams causes a variation in arrival time of the reference pulse across its spatial prof ile and therefore with respect to the image signal arriving at the grating volume. This also decreases the achievable depth resolution. For a 3-ps pulse with a 1-mm beam diameter the uncertainty in arrival time corresponds to a depth uncertainty of ϳ1.5 mm. This, combined with the minimum coherence length requirement, gives an estimated depth resolution of 2.5 mm.
In conclusion, we have demonstrated 2-D NIR holographic imaging through a scattering medium, with better than 30-mm spatial resolution, using a rhodium-doped photorefractive crystal. Using timegated holography, we have demonstrated 3-D imaging with millimeter depth resolution and a potential for real-time readout. Both techniques acquire whole 2-D images in ϳ 1 s without recourse to transverse scanning. They may be implemented with the recently developed tunable NIR all-solid-state lasers based on diode-pumped Cr:LiSAF technology. This research demonstrates the potential of photorefractive holographic imaging to provide compact, spectrally resolved real-time, 2-D -3-D imaging instrumentation for clinical applications such as skin imaging and tumor detection or characterization. Improvements in the eff iciency of light collection and detection techniques will increase the imaging depth. Other recording geometries and photorefractive media should reduce the achievable depth resolution to much less than 1 mm and permit a fast update real-time readout.
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